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Understanding the distribution and genesis of post-glacial black 
shales in space and time is critical for an appreciation of the sever-
ity and causes of climatic swings through Earth history. For exam-
ple, Page et al. (2007) suggested that black shale deposition may 
even have moderated pulses of glaciation by providing an efficient 
carbon sink, promoting drawdown of CO2 and return to glacial 
intervals in an Early Palaeozoic icehouse scenario. The early Silu-
rian black shales of North Africa and Arabia are the most spectacu-
lar manifestation of post-icehouse conditions in the Early 
Palaeozoic. They comprise a 6000 km belt extending from Maurita-
nia to Saudi Arabia of organically enriched deposits with total 
organic carbon (TOC) locally >20% (Lüning et al. 2000). Directly 
overlying Hirnantian glacial deposits, they were deposited follow-
ing the recession of Late Ordovician ice sheets, which carved a 
series of palaeovalleys as they advanced northward (e.g. Le Heron 
& Craig 2008; Moreau 2011). The ice sheets grew to their maxi-
mum extent in the Hirnantian, which left a distinct yet only par-
tially understood stable isotopic excursion in low-latitude 
carbonates known as the Hirnantian Isotopic Curve Excursion, or 
HICE (Delabroye & Vecoli 2010). Although it is possible that 
deposits of the Hirnantian glacial maximum in North Gondwana 
correlate with the HICE, the only stable isotope data in North 
Gondwana derive from post-glacial shale in Tunisia (Vecoli et al. 
2009) and Jordan (Armstrong et al. 2009).
Organic-rich shale deposited following the Hirnantian glacial 
maximum represents the main source of Palaeozoic hydrocarbons 
in North Africa (Lüning et al. 2000). These shales include the 
widespread Tanezzuft Formation, which laps onto an inherited gla-
cial topography (Moreau 2011, and references therein) and has 
a disconformable base that corresponds to a well-documented 
c. 3 Ma diachroneity. The Tanezzuft Formation is preserved in out-
crop belts of the Saharan intracratonic depressions including the 
petroliferous Murzuq and Al Kufrah basins (Fig. 1). In these basins, 
TOC is unevenly distributed in the shales, which has been inter-
preted as the result of either the localized development of anoxia 
within palaeovalleys that became flooded during initial post-glacial 
transgression (Lüning et al. 2000) or the post-glacial topography 
restricting deposition of a high-TOC basal member of the Tanezzuft 
Formation to palaeodepressions (Lüning et al. 2010). Unfortunately, 
this model inadequately explains the sheet-like occurrence of 
organic-rich shales over wide areas of western Algeria, and a tec-
tonic component for their uneven distribution has also been sug-
gested around the oilfields of the northern Murzuq Basin (Craig 
et al. 2008). Elsewhere, in Jordan, variation in TOC is linked to 
changes in the rate of nutrients supplied to the upper ocean by 
deglacial outwash (Armstrong et al. 2005, 2009). To better under-
stand the controls on anoxia and the genesis of the ‘hot shales’, we 
address the temporal, lateral and bathymetric distribution of 
organic-rich shales and oxygen-poor depositional conditions from 
a superbly exposed succession in Libya.
In this paper, we present new data from the Jabal Eghei area of 
Al Kufrah Basin, SE Libya: the first substantive new high-resolu-
tion dataset to emerge from this region in over 40 years. The data 
include a detailed logged section, a spectral gamma-ray profile, and 
facies descriptions with photographs of the transitional Ordovician–
Silurian succession. We present new evidence for a glaciation, at 
the same stratigraphic level as the organically enriched shale else-
where in North Africa and Arabia. In this paper, we will argue that 
the lingering presence of ice-caps following the Late Ordovician 
(Hirnantian) glacial maximum restricted the development of anoxia 
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Abstract: The Hirnantian glaciation of West Gondwana produced a glacially sculpted topography, which is 
draped by organic-rich latest Ordovician and early Silurian ‘hot shales’. Although these are the most impor-
tant Early Palaeozoic source rock in North Africa, organic enrichment is distributed unevenly. For example, 
in Al Kufrah Basin, Libya, ‘hot shales’ are elusive, but outcrop analysis at the western basin demonstrates 
why this is the case. The topmost Mamuniyat Formation, of Hirnantian age, comprises glaciogenic sand-
stones, passing upward into mixed facies of the Tanezzuft Formation, which has a latest Ordovician–early 
Silurian age. The basal Tanezzuft Formation contains a shelly carbonate (cool-water deposits accumulated 
under oxygenating conditions) and bioturbated sandstone succession. Above, hummocky cross-bedded and 
graded sandstone intervals are intercalated with shale and siltstone (storm influx onto a muddy shelf). These 
are interrupted by several lonestone-bearing intervals (ice-rafted debris), a striated pavement (of subglacial 
origin), and manganese oxide crusts and concretions. The concretions and bioturbation imply oxygenation of 
the sea floor during transgression. These putative glacial deposits were deposited following the main phase 
of the Hirnantian glaciation, at the same stratigraphic level as ‘hot shales’ elsewhere in northern Gondwana. 
Lingering ice caps may have produced well-oxygenated marine waters precluding ‘hot shale’ deposition.
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in the Al Kufrah Basin. The release of oxygen-rich brines during 
ice formation may have hindered the development of anoxia, and 
thus excluded organic burial in glacial basins. Although dysoxic or 
anoxic conditions developed at maximum flooding during the post-
glacial transgression, the deglacial meltwaters from these lingering 
ice sheets may not have created a sufficient nutrient flux to result in 
‘hot shale’ deposition. Understanding the extent of this previously 
unrecognized glaciation might thus be integral to a proper under-
standing of the uneven distribution of TOC within Late Ordovician–
early Silurian shales.
Study area and stratigraphy
In November–December 2008, we conducted fieldwork in the 
extremely remote Jabal Eghei region (Fig. 1). Early research in this 
region was undertaken by Dalloni (1934), Vittimberga & Cardello 
(1963), De Lestang (1968) and Selley (1971). Since the work of the 
Italian mapping teams (Bellini & Massa 1980; Bellini et al. 1991), 
research in Jabal Eghei remained dormant until 2000, when a field 
trip was run by the LASMO and OMV oil companies (Lüning & 
Martin 2000). Since then, only very limited data have subsequently 
been published: a few paragraphs, no logs, and a few photographs 
in a recent synthesis of the Lower Palaeozoic stratigraphy of south-
ern Libya (Ghnia et al. 2008), and a low-resolution stratigraphic 
correlation and chemostratigraphy of three wildcat wells recover-
ing Palaeozoic successions from the Al Kufrah Basin (Lüning et al. 
2010).
De Lestang (1968) published an excellent cross-section (Tibesti 
transect), with logged sections spanning strata of Cambrian to 
Carboniferous age in the Palaeozoic succession, truncated by undif-
ferentiated Mesozoic sandstones. In his correlation, he identified a 
unit termed the Teda Formation, bearing pervasive Tigillites burrows 
that strongly supported correlation to the Hawaz Formation else-
where in southern Libya (Bellini & Massa 1980). Above, in sharp 
contact, the sandstone-dominated Munchar Formation was described. 
Lithostratigraphically, this latter unit correlates with the Mamuniyat 
Formation in the SE and northern basin margins (Bellini & Massa 
1980). regardless of its merits, the term ‘Munchar Formation’ has 
not gained widespread acceptance; we thus refer to the Mamuniyat 
Formation in Jabal Eghei (Fig. 2).
The Mamuniyat Formation has its type section on the Gargaf 
Arch on the northern flank of the Murzuq Basin (radulovic 1984; 
Gundobin 1985). There, the unit contains a brachiopod fauna of 
Hirnantian age (Sutcliffe et al. 2001). In our study area, this forma-
tion comprises at least 200 m of sandstone of variable grain size 
with subordinate siltstone.
In Jabal Eghei, the Mamuniyat Formation is overlain by a siltstone–
sandstone succession (Dohone Formation of De Lestang 1968). This 
unit is the exact lithostratigraphic correlative of the Tanezzuft 
Formation in both westernmost and easternmost Libya (Bellini & 
Massa 1980). Given that the Tanezzuft Formation is now recognized 
across a wide area of southern Libya (e.g. Gindre et al. 2012), and the 
term Dohone Formation remains obscure, we use the term ‘Tanezzuft 
Formation’ in preference. The Tanezzuft Formation shows a diachro-
nous base, and whereas it is no older than latest Hirnantian in SW 
Libya (Moreau 2011, and references therein) it is considerably younger 
on the Gargaf Arch in central Libya (Lüning et al. 2000). This diachro-
neity reflects onlap onto a late Hirnantian glacial topography at the 
onset of post-glacial transgression (Moreau 2011). There is consensus 
that the Tanezzuft Formation and its lithostratigraphic correlatives 
across North Africa were deposited following the Hirnantian glacial 
maximum (Sutcliffe et al. 2001; Ghienne et al. 2007; Loi et al. 2010). 
The Tanezzuft Formation is uniformly shale- to siltstone-dominated 
across the platform, and its middle and upper part is interrupted by 
hummocky cross-stratified sandstones in many locations transitional 
into the overlying Akakus Formation (e.g. Gindre et al. 2012). It is 
important to note that the term Tanezzuft Formation is used here in a 
lithostratigraphic sense, describing a fine-grained siliciclastic succes-
sion overlying the Mamuniyat Formation glacial sandstones. In Jabal 
Eghei it can also be distinguished from the underlying Mamuniyat 
Formation as hummocky cross-stratified sandstones are absent in the 
Mamuniyat Formation. Earlier claims of hummocky cross-stratifica-
tion (Le Heron et al. 2006) have failed to be substantiated, because the 
structures present are climbing-dune cross-stratification deposited by a 
different process (e.g. Girard et al. 2012).
The Tanezzuft Formation, across North Africa as a whole, contains 
only a patchy development of black shale, yet this may represent one 
of the most important carbon sinks in the Early Palaeozoic icehouse 
(Page et al. 2007), as well as the source of most Palaeozoic-derived 
hydrocarbons in North Africa (Lüning et al. 2000). Although litholo-
gies and lithofacies allow us to clearly recognize it at outcrop in Jabal 
Eghei, the detailed internal stratigraphy of this unit in the Al Kufrah 
Basin has yet to be established. As in the Murzuq Basin to the west, it 
varies in thickness from several metres to >100 m across the basin 
(Lüning et al. 2010), with a markedly diachronous base. In the Murzuq 
Basin, the succession has a late Hirnantian–early Silurian age, with a 
high-TOC rhuddanian mudrock, known as the lower ‘hot shale’, 
occurring in its basal member (Moreau 2011; Loydell 2012). In the Al 
Kufrah Basin, the Tanezzuft Formation postdates the Hirnantian gla-
cial maximum, being latest Hirnantian to mid- to late Telychian 
(Llandovery) (Lüning et al. 2010; Page et al. 2013). We will examine 
in detail the sedimentology of a basal section through the Tanezzuft 
Formation for the first time in the Al Kufrah Basin. This section is cor-
relative to the ‘hot shale’ interval of the Murzuq Basin, and overlain 
elsewhere in the basin by latest rhuddanian or earliest Aeronian shales 
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Fig. 1. Map of Libya, showing the location of the two main intracratonic 
basins in southern Libya, namely the petroliferous Murzuq Basin, and 
the frontier Al Kufrah Basin. The location of Jabal Eghei, the study area 
of this paper, is highlighted, together with the main outcrop belts of 
Cambrian–Ordovician and Silurian strata.
ICE SHEETS AND ANOxIA IN LIByA 329
from the upper part of the formation. In this paper, we shall be con-
cerned with the uppermost part of the Mamuniyat Formation to the 
Tanezzuft Formation (Fig. 2).
Sedimentology
A series of common features have been encountered in the last decade 
of research into the Late Ordovician glacial succession of North Africa 
(from Morocco in the west to the Al Kufrah Basin in the east), includ-
ing striated pavements, suites of soft-sediment deformation structures, 
and poorly sorted deposits or diamictites (Le Heron et al. 2005). It is 
beyond the scope of the present paper to provide a detailed sedimento-
logical analysis of the Mamuniyat Formation at Jabal Eghei; this will 
be provided elsewhere. Nevertheless, key lithofacies, which are of par-
ticular importance to the stratigraphic position of our studied section, 
are briefly highlighted below.
Uppermost Mamuniyat Formation
In Jabal Eghei, the Mamuniyat Formation bears a facies association 
that testifies to jökulhlaup outburst processes. The stratigraphic 
position and range of facies are comparable with those of Wadi 
Aramat in western Libya, where outburst deposits record the final 
demise of Hirnantian ice sheets (Girard et al. 2012). In a 200 m 
thick succession at Jabal Eghei, both humpback dunes with a sig-
moidal geometry (Lang & Winsemann 2013) and antidunes are 
recognized (Fig. 3a). Sinusoidal stratification, interpreted to record 
stationary antidunes during outburst (Lang & Winsemann 2013), 
also occurs (Fig. 3a). This feature records waxing flows that main-
tain an aggradational behaviour at the ice front (Hornung et al. 
2007). Interbedded chute-and-pool structures capped by antidunes 
(Fig. 3b) probably indicate minor episodes of flow waning.
High-energy sandstone-dominated facies, including climbing 
dune cross-stratification (Ghienne et al. 2010) are widely recog-
nized from Hirnantian glacially related strata. These are interpreted 
to record catastrophic jökulhlaup outbursts (Ghienne et al. 2010) 
and similar facies are recognized across Al Kufrah Basin, particu-
larly in the lower part of the Mamuniyat Formation at Jabal Azbah 
(Unit JA1; Le Heron et al. 2010). The precise stratigraphic position 
of the climbing dune cross-stratification facies within the Hirnantian 
glacial succession varies across the North African platform, and in 
western Libya and eastern Algeria such deposits typically occur at 
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Fig. 2. Chronostratigraphy of the studied 
succession on Jabal Eghei, where four 
stratigraphic units are recognized. These 
comprise, in ascending stratigraphic order, 
the Hawaz, Mamuniyat and Tanezzuft 
formations and the Mesozoic sandstone 
(‘Nubian Sandstone’). Age constraints 
on the Hawaz Formation and ‘Nubian 
Sandstone’ are limited, but lithostratigraphic 
comparisons coupled with fossil occurrences, 
including wood fragments in the latter unit, 
allow Middle Ordovician and Jurassic ages 
to be assigned respectively (e.g. Bellini et al. 
1991). The Mamuniyat Formation similarly 
is ill constrained in Jabal Eghei, whereas the 
Tanezzuft Formation contains graptolites of 
Hirnantian–rhuddanian affinity (Page et al. 
2013).
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the topmost part of the Mamuniyat Formation (Girard et al. 2012), 
recording the final collapse of Hirnantian ice sheets (Fig. 2). A sub-
aqueous interpretation is preferred by some workers (Hirst et al. 
2002; Hirst 2012), but a subaerial or deltaic interpretation is pre-
ferred by others (e.g. Ghienne et al. 2010; Girard et al. 2012). 
retreating ice sheets shed sediment toward the north during cata-
strophic collapse (Ghienne et al. 2010; Le Heron et al. 2010; Girard 
et al. 2012; Hirst 2012), and we interpret the climbing dune cross-
stratification facies association in the Jabal Eghei part of the upper-
most Mamuniyat Formation as representing jökulhlaup outbursts 
following the main phase of the Hirnantian glaciation.
Tanezzuft Formation
In Jabal Eghei, the Tanezzuft Formation rests disconformably upon 
the Mamuniyat Formation (Figs 2 and 3) and is up to 55 m thick in 
the area we visited. In some places, it is completely missing and 
undifferentiated Mesozoic sandstones rest unconformably upon the 
Mamuniyat Formation (Fig. 3). The Tanezzuft Formation com-
prises a succession of three facies associations, which we describe 
and interpret in turn below. Overall, this succession corresponds to 
a regressive–transgressive sequence.
Basal sandy carbonate facies association
These deposits, first recognized by De Lestang (1968), are repre-
sented by a very thin (<50 cm thick), but very variable, group of 
mixed sandy carbonate–calcareous sandstone facies that is 
restricted to the contact between the Mamuniyat and Tanezzuft for-
mations. It typically occupies hollows in the top of the Mamuniyat 
Formation (Fig. 5a). The deposits consist of peloidal micrites and 
wackestones, calcareous sandstones that exhibit bioturbation (Fig. 
5b), poorly preserved bryozoans, and rudstones comprising frag-
mented orthocone tests and crinoid fragments (Fig. 5c).
The basal sandy carbonate facies association is interpreted to 
record environmental amelioration and transgression following the 
Hirnantian glacial maximum. Peloidal carbonates are enigmatic, 
and may represent disintegration of cyanobacterial frameworks 
and/or the coprolites of small invertebrates (e.g. Tucker & Wright 
1990). The presence of Planolites trails may testify to oxidizing 
conditions on the sea floor, but it is noted that these forms may also 
record dysoxic settings, as reported by Challands et al. (2008). 
Bryozoan build-ups represent an important carbonate production 
factory in temperate and mid-latitudes (Taylor & Allison 1998). In 
Libya, Late Ordovician examples have been described from the 
northern part of the Ghadames Basin, where they have been sug-
gested to represent lowstand deposition before the Hirnantian gla-
ciation (Buttler et al. 2007). Modern analogues from New Zealand 
and the Great Australian Bight (James et al. 2004) may point to 
these cold-water carbonates having been formed in a shallow shelf 
slope environment in the Ghadames Basin (Buttler et al. 2007). 
Orthocone tests have been reported from the top of the Mamuniyat 
Formation in Jabal Azbah, where they form part of a transgressive 
bar system beneath shales of the Tanezzuft Formation (Le Heron 
B
Thickly-bedded,
massive sandstone
Megarippled,
fine- to medium-
grained sandstone
Scour
Scou
r
A
Antidunes
Humpback dunes
Fig. 3. Typical outcrop of the Mamuniyat 
Formation in Jabal Eghei, where the 
formation is exclusively dominated by 
sandstone. (a) Humpback dunes overlain 
by antidunes, suggesting a waning flow 
signature during a jökulhlaup glacial flood 
(Lang & Winsemann 2013). (b) Chute 
and pool structures, capped by antidunes, 
implying a waning flow signature. These 
sedimentary structures are very typical 
of deposits of the Hirnantian glacial 
maximum, with broadly comparable facies 
recognized from southern Algeria, western 
Libya (Girard et al. 2012) and the Libyan–
Egyptain border (Le Heron et al. 2010).
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Fig. 4. Measured section straddling the Mamuniyat and Tanezzuft formations and the ‘Nubian Sandstone’ in Jabal Eghei. The curve to the right of the 
logged section shows gamma-ray values obtained using a GF-InstrumentsTM gamma-ray spectrometer on the outcrop, for 3 min count intervals. The U 
content is commonly taken as a direct and linear proxy for former total organic carbon enrichment (TOC) (e.g. Lüning & Kolonic 2003; Lüning et al. 
2003). The curve does not illustrate that proxy TOC values were elevated at or near the base of the Tanezzuft Formation, as is observed elsewhere in 
North Africa, such as in the Ghat area of SW Libya (Lüning et al. 2003). A simple interpretation (high versus low) of relative sea level, ice and anoxia is 
also shown. This relative sea-level curve takes into account the progressive upsection loss of hummocky cross-stratification and increase in mud content, 
compatible with a deepening trend. Ice presence is interpreted on the basis of soft-sediment striae and/or lonestones and manganese oxide concretions. 
Anoxia is inferred on the basis of faunal preservation in the graptolite assemblage (Page et al. 2013), with more oxic conditions indicated by the presence 
of bioturbation and manganese nodules.
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et al. 2010). Those trangressive bars at Jabal Azbah are only locally 
developed, and it is suggested that the sandy carbonates at Jabal 
Eghei are a lateral equivalent for these transgressive deposits. The 
crinoid fragments, taken together with the presence of bryozoans 
and orthocones, represents a similar fauna to that of the earlier pre-
glacial deposits from the Boda event found elsewhere in central 
Libya (Cherns & Wheeley 2007). The basal sandy carbonate facies 
association therefore indicates a return to pre-glacial conditions.
Lonestone-bearing facies association
This facies association is unique to the Jabal Eghei area in southern 
Libya, because similar deposits have not been reported from any other 
outcrop belt in either the Murzuq Basin or the Al Kufrah Basin. Indeed, 
lonestone-bearing successions do not appear to have been reported 
from the Tanezzuft Formation or its lateral equivalents from anywhere 
else across North Africa or the Middle East (e.g. Lüning et al. 2000). 
A B
C D
C
Sandy carbonate facies association
in topographic depression
(basal Tanezzuft Fm)
Nubian Sandstone
Tanezzuft Formation
Topmost Mamuniyat Fm
A
B
Fig. 5. Basal sandy carbonate facies 
association. (a) relationship between the 
topmost part of the Mamuniyat Formation 
and the Tanezzuft Formation in Jabal 
Eghei. The basal sandy carbonate facies 
association fills in hollows on the topmost 
surface of the Mamuniyat Formation 
sandstones beneath. This contact is clearly 
marked on the measured section in Figure 
4, which encompasses all strata visible in 
this photograph. The Tanezzuft Formation 
forms the generally recessive topography in 
the middle distance to background, which 
is capped disconformably by the ‘Nubian 
Sandstone’ of probable Jurassic age  
(see Fig. 2 for chronostratigraphy).  
(b) Bioturbated, quartz-bearing grainstone. 
(c) Mottled grainstone to floatstone with 
clearly visible crinoid ossicles among the 
shell fragments. Pencil 5 cm long.
Fig. 6. Newly recognized glacial features 
within the Tanezzuft Formation of 
Jabal Eghei. The stratigraphic position 
of these features is shown in Figure 
4. (a) Soft-sediment striated surface, 
comprising streamlined ridges and 
grooves similar to those described 
elsewhere in Al Kufrah Basin within the 
Mamuniyat Formation (e.g. Le Heron 
& Howard 2010; Le Heron et al. 2010). 
(b) Circular concretions overgrowing 
and crosscutting the striations allow the 
hypothesis that the grooves are aeolian to 
readily be dismissed. (c) Further detail of 
striated surface, showing local evidence 
for crosscutting striations. (d) Micritic 
lonestone ‘floating’ within a siltstone bed, 
tentatively interpreted as a dropstone. 
Pencil 5 cm long.
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Lonestones, composed exclusively of micrite pebbles 3–10 cm in 
diameter, occur at several stratigraphic intervals within shale and silt-
stone of the Tanezzuft Formation (Fig. 3). The lonestone-bearing inter-
vals occur above and below a fine-grained sandstone surface with 
linear, V-shaped grooves (Fig. 6a–c) that trend 020°N and are locally 
of 3–4 mm depth. The grooves locally show crosscutting relationships 
(Fig. 6c), and are restricted to a single bedding plane; the grooves are 
overstepped by overlying sandstone beds. The grooves are locally 
truncated by circular, pitted concretions (Fig. 6b). Two other types of 
concretions occur in close stratigraphic proximity (3 m above and 
below the striated surface). These are (1) large cylindrical manganese 
oxide (MnO2) concretions (Fig. 7a and b) and (2) dendritic manganese 
oxide (MnO2) concretions (Fig. 7c).
Lonestones (dropstones) may be deposited through animal excre-
tion, log rafting, iceberg rafting or sea ice disintegration (Bennett et al. 
1996). Iceberg rafting or sea ice disintegration is the most probable 
explanation for the presence of lonestones in Jabal Eghei. A wind-
blown origin for the grooved surface is discounted because adjacent 
sandstone beds overstep the grooves. The depth of the grooves and 
their V-shaped profile are is inconsistent with an origin as primary cur-
rent lineation within an upper plane bed regime (e.g. Ashley 1990). 
The grooved sandstone surface closely resembles soft-sediment stri-
ated surfaces observed within the Mamuniyat Formation and its equiv-
alents across large tracts of North Africa, including elsewhere in Al 
Kufrah Basin in Jabal Azbah (Le Heron & Howard 2010), as well as in 
the Murzuq Basin, Morocco and South Africa. These surfaces result 
from the shearing of ice over unconsolidated sand (Sutcliffe et al. 
2000; Le Heron et al. 2005). The three types of concretions found 
within this facies association are of particular interest given that they 
are absent in other facies associations and indeed in other formations. 
Notably, MnO2 concretions have been described from the Late 
Ordovician of Sardinia, where they are restricted to Hirnantian syn-
glacial deposits (Ghienne et al. 2000). The formation of these concre-
tions requires the top part of the sediment column to be fully oxygenated 
sediments, with Mn liberated from deeper, anoxic sediment below. 
The concretions seen here resemble those from the Hirnantian of 
Sardinia as well as recent manganese concretions from the Baltic Sea 
(Ingri 1985). The latter are often seeded on glacial erratics. Ghienne 
et al. (2000) interpreted the Sardinian concretions as forming during 
the retreat of ice sheets. Likewise, recent ferromanganese deposits 
from the Barents Sea occur in shallow-water areas in environments 
undergoing post-glacial transgression (Ingri 1985).
Hummocky cross-bedded and graded clastic facies 
association
This facies association comprises two constituent facies. The 
first includes 5–15 cm thick, sharp-based, white sandstone beds 
A B
C D
E F
Fig. 7. (a) ‘Field’ of manganese oxide 
(MnO2) concretions, 0.5–1 m diameter, and 
15–20 cm deep, found a short stratigraphic 
interval above the striated surface and 
lonestone-bearing deposits (see Fig. 4 for 
stratigraphic position). (b) Detail of a single 
MnO2 concretion at this interval, standing 
proud of recessive, sand-covered siltstone 
on a bedding plane. (c) radiating habit of 
concretions is also exhibited at the same 
stratigraphic level. Pencil 5 cm long. (d) 
Hummocky cross-stratified sandstone bed, 
cutting sharply down into maroon–brown 
siltstones at the top of a fining upward cycle 
(graded sandstone facies).  
(e) Tool marks at the base of a sandstone 
bed. (f) One of two Planolites horizons, 
with surface trails lacking any distinctive 
ornamentation.
D. P. LE HErON ET AL.334
bearing isotropic hummocky cross-stratification (Figs 3 and 6d). 
Such beds occur at multiple intervals, and cut into recessive silt-
stone intervals (Fig. 7d). Bases of the sandstone beds exhibit a 
range of tool marks, including flute casts and grooves (Fig. 7e). 
The upper surface of one sandstone bed was observed to preserve 
poorly ornamented Planolites trails (Fig. 7f). The second facies 
also comprises thinly bedded (5–15 cm), sharp-based, normally 
graded fine-grained sandstones to siltstones that exhibit occasional 
flute casts at their bases and occasional ripple cross-laminated 
upper surfaces. An additional Planolites-bearing horizon was noted 
in this latter facies. In terms of stratigraphic organization, the nor-
mally graded sandstones and shale intervals are organized into 
coarsening and fining upward cycles of parasequences 2–10 m 
thick (Fig. 4). The graded beds are separated by varicoloured shale 
and silty shale. A graptolitic marker bed occurs towards the top of 
the sequence, containing the endemic species Normalograptus 
kufraensis Page et al. (2013) and orthocone nautiloids. A rhyn-
chonellid brachiopod resembling Eocelia occurs a few centimetres 
above this. In stratigraphic successions, hummocky cross-stratified 
sandstone alternates with the graded sandstone and shale deposits.
The presence of hummocky cross-stratification in the first facies 
testifies to storm wave agitation of the sea floor (Duke et al. 1991; 
Cheel & Leckie 1993; Johnson & Baldwin 1996; Dumas & Arnott 
2006). The presence of tool marks testifies to the action of gravity 
flows, although the isotropic nature of the hummocky cross-strati-
fication suggests that unidirectional flows were probably very 
weak during the deposition of the bedforms themselves (Dumas & 
Arnott 2006). The siltstones between the hummocky cross-strati-
fied beds are interpreted to record sedimentation from turbid waters 
during waning storm conditions, or alternatively inter-storm depo-
sition. Although hummocky cross-stratification is not bathymetri-
cally indicative, as it can form in a range of offshore transition to 
intertidal settings (yang et al. 2006), its implies the absence of sea 
ice, because sea ice presence inhibits coupling between surface 
gravity waves and the sea-floor boundary zone. Therefore, it is sug-
gested that the presence of hummocky cross-stratification within 
the Tanezzuft Formation may also represent sea-ice free conditions 
on the shelf. Given their association with hummocky cross-strati-
fied beds, the graded sandstone beds of the second facies are inter-
preted as cogenetic turbidites (Gani 2004), also generated through 
processes of storm-wave agitation of the sea floor. The appearance 
of two Planolites intervals may imply some limited oxidation, 
although it is noted that Challands et al. (2008) interpreted dysoxic 
conditions, possibly close to the pycnocline, for Planolites occur-
rences in Late Katian strata from the Welsh Basin. The part-
pyritized carbonaceous preservation of the graptolites (Fig. 8) cer-
tainly indicates that dysoxic or anoxic conditions were also 
periodically present (Page et al. 2013).
Gamma-ray spectrometry
Because of the intense chemical weathering (oxidation) of organic 
material on Saharan shale outcrops, a proxy has been developed in 
recent years to measure palaeo-TOC levels in black shales. Because 
U4+ ions adhere to organic matter yet are inert when that organic 
matter is oxidized, and analyses from fresh core material have dem-
onstrated that there is a linear relationship between TOC and U4+ 
ions, U enrichment mimics the original TOC values in weathered 
desert shales (Lüning & Kolonic 2003; Fello et al. 2006). We used 
a GF-InstrumentsTM portable gamma-ray spectrometer with a BGO 
detector, to measure U values (in ppm) across the Tanezzuft 
Formation. Following the methods of Lüning et al. (2003) and 
Fello et al. (2006), sample intervals of 3 min were used to collect 
readings for U, K and Th, together with a total count. The U readings, 
together with those of K and Th, were then plotted at the correct 
intervals next to the sedimentary log (Fig. 4). The data show that U 
values remain comparatively low in shales of the Tanezzuft 
Formation in Jabal Eghei, and do not exceed 16 ppm (Fig. 4). The 
data also suggest that the lower and upper parts of the Tanezzuft 
Formation are distinguished by their Th/U values. Three trends can 
be recognized. First, the base of the Tanezzuft Formation shows 
very low (<0.5%) K values and a narrow range of Th/U ratios. 
Second, the lower part of the formation shows a broad spread of K 
values (1.5–3.5%), and generally high Th/U ratios (2–4.5). Third, 
the upper part of the Tanezzuft Formation shows an intermediate 
range of K values (0.5–1.5%).
The low U readings in the Tanezzuft Formation of Jabal Eghei 
stand in contrast to basal Tanezzuft Formation shales in western 
Libya, where >30 ppm readings are considered to represent deposits 
sufficiently enriched in TOC, prior to desert oxidation, to be capable 
of generating hydrocarbons (e.g. Lüning et al. 2000; Lüning & 
Kolonic 2003). Furthermore, it should be noted that low values 
(<10 ppm) are maintained throughout the lower measured portion of 
the Tanezzuft Formation, including in the stratigraphic interval above 
and below the striated surface and at the level of the large manganese 
concretions (Fig. 4). These data suggest that, based upon the linear 
relationship between U and TOC content (Lüning & Kolonic 2003), 
organically enriched ‘hot shale’ was not deposited in Jabal Eghei, in 
turn suggesting that large pools of anoxia may not have developed in 
this part of the Saharan platform (see Lüning et al. 2000).
Graptolites in the Tanezzuft Formation and the 
onset of anoxia
A thin (c. 20 cm) graptolitic marker bed occurs in the Tanezzuft 
Formation at Jabal Eghei, indicating that a brief interval of anoxia 
developed at this locality in either the Hirnantian or rhuddanian 
(Page et al. 2013) (Fig. 8). Below, we briefly describe these speci-
mens and their containing bed. The graptolites are typically current 
aligned and preserved as partially three-dimensional steinkerns or 
as bas-relief impressions. The surrounding sediment consists of 
finally laminated mudstones or fine to very fine siltstones (predom-
inantly distal microturbidites) and shales. These latter deposits rep-
resent hemipelagic sedimentation, by a variety of possible 
mechanisms including rainout, advective detached plumes and 
wind-blown dust (O’Brien 1996, and references therein). Although 
there has been extensive oxidative weathering, which may have 
removed much of their carbonaceous matter and converted pyrite 
to limonite, the preservation (Fig. 8) is typical of weathered shale 
deposited in dysoxic or anoxic conditions. With pyritized steink-
erns tending to form under dysoxic conditions, in which subfossil 
carcasses represent a locally reducing microenvironment (Page 
et al. 2007, 2013) it seems likely that that this bed was deposited on 
an oxygen-starved sea floor below a largely oxidized water col-
umn. This is certainly consistent with the occurrence of nektonic or 
nektobenthic orthocones in this bed. The lack of bioturbation in this 
unit indicates anoxia or dysoxia. Hemipelagic lamination may indi-
cate deposition beneath the storm wave base, although the align-
ment of the graptolites indicates at least occasional currents in the 
bottom water. The presence of a brachiopod resembling Eocelia in 
suprajacent siltstones may be indicative of shallow waters (see 
Ziegler et al. 1968) as well as a return to oxidized conditions. 
Although the presence or absence of hemipelagites and hummocky 
cross-stratification may not be entirely indicative of depth, this bed 
may plausibly represent a short-lived anoxic episode and the 
sequence’s maximum flooding surface.
The age of the marker bed cannot be precisely determined but 
stratigraphic constraints place it in the Hirnantian or rhuddanian. 
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The graptolites themselves have been ascribed to the endemic spe-
cies Normalograptus kufraensis Page et al. (2013) (Fig. 8). This 
represents a morphological intermediate between Ordovician 
members of the N. angustus lineage and the sister species N. ajjerri 
and N. arrikini that probably originated in the Hirnantian. It occurs 
in strata overlying the Mamuniyat Formation, interpreted to record 
deposits of the Hirnantian glacial maximum, as it contains a 
Hirnantian brachiopod fauna in its type section (Sutcliffe et al. 
2001). The succession at Jabal Eghei is overlain by Silurian shales 
exposed elsewhere in the Tanezzuft Formation: well samples from 
Jabal Azbah cut a shale horizon containing a latest rhuddanian or 
earliest Aeronian microfossil assemblage (Lüning et al. 1999) and 
graptolites assigned to Climacograptus medius Törnquist (Grignani 
et al. 1991). Superimposition therefore brackets the Tanezzuft 
Formation outcrop at Jabal Eghei as between post-glacial 
Hirnantian and latest rhuddanian age. This suggests that the bot-
tom waters at Jabal Eghei remained predominantly oxygenated, 
with one brief exception, during the deposition of the graptolitic 
marker bed in the latest Ordovician or earliest Silurian.
Prolonged glaciation and delayed anoxia in the 
Tanezzuft Formation
There is no evidence for anoxia in the Tanezzuft Formation at Jabal 
Eghei until well after the Hirnantian glacial maximum, the short-
lived main phase of the Hirnantian glaciation (Sutcliffe et al. 2000; 
Page et al. 2007). Elsewhere in Libya, the underlying Mamuniyat 
Formation yields a Hirnantia fauna and glacial deposits (Le Heron 
et al. 2009, and references therein). Its disconformable contact with 
the Tanezzuft Formation is considered to result from post-glacial 
transgression and/or isostatic rebound following the Hirnantian 
glacial maximum (see Le Heron et al. 2006; Moreau 2011). The 
occurrence of a striated pavement and multiple lonestone-bearing 
horizons in Jabal Eghei are, to the authors’ knowledge, the first 
reported evidence for glaciation in the Tanezzuft Formation of 
Libya. Putative evidence for glaciation was reported previously by 
Klitzsch et al. (1993) and Semtner & Klitzsch (1994) from strata 
of inferred Silurian age from the Ennedi Mountains in Chad, along 
the southern rim of Al Kufrah Basin. Age estimates of the inter-
preted glacial deposits in Semtner & Klitzsch (1994) were pro-
vided by an underlying trace fossil assemblage of interpreted early 
Silurian age, and overlying strata yielding plant fossils of 
Devonian age. In addition to outsized clasts, which were inter-
preted as dropstones, it was noted that in the Ennedi region the 
‘entire sequence is deeply eroded and filled with chaotic sedi-
ments consisting of huge blocks of Silurian or older strata and 
conglomerate, all embedded in a fine-grained matrix’ (Semtner & 
Klitzsch 1994, p. 749). It should be emphasized that in the south-
ern Al Kufrah Basin, this second glacial episode was considered to 
post-date the deposition of organically enriched shale of earliest 
Silurian age (see Semtner & Klitzsch 1994, fig. 4).
The interpretations of Semtner & Klitzsch (1994) suggest that 
glaciation in the Ennedi Mountains may have occurred in the mid- 
to late Silurian. By contrast, our data support that glacial conditions 
lingered locally, directly after the Hirnantian glacial maximum. 
Thus, glaciation postdating the Hirnantian glacial maximum is 
reported for the first time from northern Gondwana. Although a 
late Hirnantian age for the basal Tanezzuft Formation at Jabal 
Eghei cannot be ruled out based on the graptolite assemblages 
(Page et al. 2013), a rhuddanian age remains a strong possibility. 
There is no evidence of anoxia in the lower part of the Tanezzuft 
Formation until deposition of the graptolitic marker bed some 50 m 
above the base of the formation. In this case, anoxia was short 
lived: the overlying rhynconellid brachiopod and bioturbated 
Fig. 8. Photomicrograph and camera lucida drawing of the late 
Hirnantian or rhuddanian graptolite Normalograptus kufraensis  
Page et al. (2013) preserved as a part-pyritised carbonaceous 
compresssion in the graptolite-bearing bed of the Tanezzuft  
Formation at Jabal Eghei, western Al Kufrah Basin. Specimen  
CAM SM x.50191.6a. Scale bar = 1 mm.
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sediments in suprajacent strata indicate an immediate return to 
well-oxygenated conditions (Fig. 3).
This is in marked contrast to other deep-water successions of 
northern Gondwana (Fig. 7), which are predominately anoxic and 
generally contain high-TOC ‘hot shales’. The Mamuniyat–
Tanezzuft interval in Jabal Eghei most probably straddles the inter-
val temporally equivalent to the late Hirnantian and rhuddanian 
‘hot shale’ interval in North Africa and Arabia (Armstrong et al. 
2005; Lüning et al. 2005), even accounting for the expected c. 3 Ma 
diachroneity of the basal surface of the Tanezzuft Formation (e.g. 
Moreau 2011). As ‘hot shale’ interval anoxia developed immedi-
ately after the Hirnantian glacial maximum and is well established 
by the rhuddanian, something may have retarded the development 
of ‘hot shales’ in Al Kufrah Basin. Our gamma-ray spectrometric 
data do not identify a uranium peak anywhere in the Tanezzuft 
Formation at Jabal Eghei (U values ≤16 ppm) (Fig. 4), suggesting 
that there are no stratigraphic intervals that once contained elevated 
TOC levels relative to those above and below. In the subsurface of 
Al Kufrah Basin, Lüning et al. (2010) reported that ‘hot shale’ 
intervals may still be present at this interval, in spite of low TOC 
values (0.21–0.84%) in the A1-NC198 well, based on the ampli-
tude of seismic reflectors onlapping late Ordovician palaeotopog-
raphy. However, at the western margin of Al Kufrah Basin, the 
multiple occurrences of Planolites trails indicate oxidation at or 
just above the sediment surface (Seilacher 2007), to the detriment 
of organic carbon preservation. In concert with the occurrence of 
MnO2 concretions and epifauna, these observations suggest that the 
sea floor was well oxygenated until the deposition of the graptolitic 
marker bed when ice had finally retreated. Even then, our gamma-
ray spectrometric data suggest that the strata are TOC poor. There 
is thus a clear temporal link between deglaciation and anoxia in this 
succession. As temporally equivalent successions in other North 
Gondwanan basins are both ice free and anoxic, lingering ice sheets 
may have promoted marine oxygenation in Al Kufrah Basin.
Moderation of anoxia by lingering ice sheets
The delay in the onset of anoxia in Jabal Eghei may be directly 
linked to the presence of lingering ice. If the influx of oxygen is 
greater than that consumed by respiration and the decay of organic 
matter, oxic conditions will prevail. Page et al. (2007) argued that 
the production of oxygen-rich cool, briny water in marine ice for-
mation produced well-oxygenated deep water. Deglaciation in con-
trast may be prone to anoxia. Deglaciation increases the flux of 
nutrient-rich freshwater into basins. This process may strengthen 
the pycnocline, creating a low-salinity ‘lid’ and thus promoting 
anoxic or dysoxic depositional conditions in deep waters (Fig. 7). 
The influx of nutrients increases export production, meaning that 
more organic carbon arrives at the sea floor. If the rate of carbon 
burial exceeds the rate of respiration, organic carbon accumulates 
and elevated TOC levels may result.
At least in the western part of Al Kufrah Basin, anoxia did not 
develop after the Hirnantian glacial maximum and glaciation con-
tinued. At Jabal Eghei anoxia developed later in the transgressive 
process following deglaciation. Once the ice sheets had fully 
melted anoxic sediments were deposited on the maximum flooding 
surface of the post-glacial sequence. Maximum flooding surface 
black shales are a well-known phenomenon (Wignall 1994) and in 
the standard model the basin remains oxygenated until peak trans-
gression. Given that the transgression is most probably a result of 
deglaciation, it seems that anoxia occurred only once all ice had 
melted. The overall relationship between ice extent, transgression 
and anoxia is in good agreement with the findings of some other 
studies on marine redox in this interval. Both Armstrong et al. 
(2005) and Page et al. (2007) observed that anoxia developed on 
maximum flooding surfaces allied to transgressions following 
Gondwanan glaciations. Although lingering ice sheets precluded 
the development of anoxia after the Hirnantian glacial maximum at 
Jabal Eghei, a brief interval of anoxia developed once they eventu-
ally decayed.
The anatomy of TOC enrichment in the ‘hot 
shale’ window
The Late Ordovician and early Silurian were characterized by peri-
odic episodes of post-glacial anoxia. The most marked of these 
anoxic events occurred in the immediate aftermath of the Hirnantian 
glaciation. Most sequences deposited below storm wave base chart 
the onset of anoxia in the persculptus Zone, which continued into 
the rhuddanian (Page et al. 2007; Hammarlund et al. 2012). Of 
these anoxic shales some of the most significant are the highly 
TOC-enriched ‘hot shales’ of Africa and Arabia. The ‘hot shale’ 
window opened immediately after the Hirnantian glacial maxi-
mum, and although significantly TOC-enriched shales were depos-
ited at this time (Lüning et al. 2000), several younger intervals of 
‘hot shale’ deposition can also be recognized. These include the 
‘hot shale’ intervals of Aeronian–Telychian age in the NC174 
concession, Murzuq Basin (Lüning et al. 2000, p. 169) and the 
Telychian of the Tazzeka Massif, northern Morocco (Le Heron 
et al. 2008). The repeated intervals of ‘hot shale’ deposition may 
relate to glacioeustatically mediated oxic–anoxic cycles in the 
Late Ordovician–early Silurian (Page et al. 2007), and although 
there is not yet a consensus on the cause of ‘hot shale’ deposition 
(see Armstrong et al. 2005; Lüning et al. 2000, 2005), they 
appear to be a regional expression of globally extensive anoxic 
events.
There is a clear link between anoxia, deglacial transgressions 
and significant TOC enrichment in the ‘hot shale’ window 
(Armstrong et al. 2005; Page et al. 2007). Using sulphur isotopes, 
Hammarlund et al. (2012) argued that the deep oceans of the latest 
Ordovician and early Silurian were entirely anoxic, and that in 
transgressions anoxia shifted from deep-water, off-shelf environ-
ments as the chemocline rose with sea level. None the less, trans-
gression of the chemocline seems an insufficient explanation for 
photic zone anoxia or increased productivity at this time (see 
Armstrong et al. 2005). Some other factor may have therefore 
increased TOC during the ‘hot shale’ window. Although Lüning 
et al. (2000) argued that upwelling may have contributed to this, 
the palaeogeography, with a shallow northward dipping shelf dur-
ing the preceding Ordovician period (Le Heron et al. 2009), makes 
this process unlikely at a large scale. Instead, the strongest correla-
tion of TOC enrichment in this interval seems to be the post-Hirnantian 
glacial maximum transgression (Armstrong et al. 2005; Page et al. 
2007), which coincides with deposition of the lower ‘hot shale’ in 
the latest Hirnantian and rhuddanian.
Elevated TOC in ‘hot shales’ requires increased export produc-
tion, which itself requires increased nutrient availability. One 
major source of nutrients in deglacial transgressions comes from 
meltwaters and periglacial outwash (Armstrong et al. 2005; Page 
et al. 2007). This model can be tested by considering the relation 
between TOC enrichment and sea level in ‘hot shales’ and their 
correlative deposits in the region. In Jordan, Loydell et al. (2009) 
suggested, on the basis of extremely subtle grain-size increases, 
that heightened TOC occurred in regressions. Although this could 
represent a hitherto unrecognized regressive component in high-
TOC shale development, the grain-size increase could also repre-
sent a distal expression of increased sediment input via hypo- or 
hyperpycnal outwash from Gondwana.
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At Jabal Eghei, there is only a brief anoxic or dysoxic interval 
within the ‘hot shale’ window. This occurs in a deglacial transgres-
sion (Fig. 9). Although this anoxic interval contains the graptolites 
in abundance, gamma-ray spectrometry does not reveal any evi-
dence of former TOC enrichment in the lower part of the Tanezzuft 
Formation. Unlike elsewhere in North Africa, the Jabal Eghei 
sequence records a return to glaciation after the Hirnantian glacial 
maximum. It seems that ice sheets remained into at least the late 
Hirnantian in the Al Kufrah Basin. rather than experiencing a sud-
den large-scale outwash following the Hirnantian glacial maximum 
that led to ‘hot shale’ deposition in Jordan (Armstrong et al. 2005, 
2009), these lingering ice sheets at Jabal Eghei may have decayed 
more gradually. This locality did not receive the rapid injection of 
meltwater and terrestrially derived nutrients that drove post-glacial 
‘hot shale’ deposition elsewhere in Gondwana, so although the 
Tanezzuft Formation did experience a brief interval of post-glacially 
transgressive anoxia at Jabal Eghei, the melt of the localized ice 
sheets may have been insufficient to sustain long-lived anoxia or 
‘hot shale’ deposition.
Conclusions
Although the Tanezzuft Formation of the latest Ordovician and ear-
liest Silurian of North Africa contains widespread ‘hot shale’ depo-
sition, ‘hot shales’ are not well known in the Al Kufrah Basin of 
Libya. The succession at Jabal Eghei records a regressive–trans-
gressive sequence with three facies assemblages: (1) a basal sandy 
carbonate; (2) a lonestone-bearing interval containing ice-rafted 
debris, a striated glacial pavement, and manganese crusts and con-
cretions; (3) hummocky cross-bedded and graded sandstone inter-
vals intercalated with shale and siltstone. Toward the top of the 
Tanezzuft Formation, a graptolite marker bed represents a brief 
interval of deposition under anoxic or dysoxic conditions. The 
sequence was deposited after the Hirnantian glacial maximum, and 
is the first reported occurrence of renewed glaciation within the 
Tanezzuft Formation of northern Gondwana. Although this 
sequence records deposition in the ‘hot shale’ window, it does not 
contain any intervals of significant TOC enrichment. Although 
there is clear evidence of anoxic or dysoxic conditions during a 
post-glacial transgression, the decay of localized ice sheets at Jabal 
Eghei did not produce a sufficient nutrient flux for ‘hot shale’ dep-
osition. The uneven distribution of TOC within Late Ordovician–
early Silurian shales may therefore relate to the pattern of outwash 
during deglaciation, and lingering ice sheets may have locally mod-
erated the development of anoxia, resulting in the patchy distribu-
tion of ‘hot shales’ in parts of North Africa.
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